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We study a quantum theory based on two assumptions: In the intrinsic frame of reference of an 
isolated, macroscopic system, (i) the system has no global motion and is not entangled with any other 
system, (ii) time evolution of statevectors of systems outside the system satisfy Schrodinger equation. 
A process of collision-type interaction between a microscopic system and a macroscopic system is 
studied in an auxiliary frame of reference. In transforming the statevector of the two systems 
obtained in the auxiliary frame of reference to the intrinsic frame of reference of the macroscopic 
system, the above first assumption requires a discontinuous change of the statevector. A probabilistic 
interpretation is given to the statevector for the discontinuous change. For the microscopic system, 
the density matrix given in the theory here is equal to the reduced density matrix given in the usual 
quantum mechanics. 
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Could an isolated, macroscopic physical system possess 
an intrinsic frame of reference (FR) in which the system 
has no global motion? Here "isolated" means negligible 
interaction with other systems. If the center-of-mass po- 
sition and the total momentum of the system satisfy the 
uncertainty principle, then, the answer is negative. The 
uncertainty principle reflects the fact that, e.g., the dis- 
turbance on a system, given by a measurement on the 
position of the system, induces uncertainty in the mo- 
mentum of the system. However, for an observer inside 
an isolated system, the law of conservation of momentum 
implies that the uncertainty principle is not applicable to 
the center-of-mass position and the total momentum of 
the system. This is because measurement performed in- 
side the system does not change the total momentum 
of the system and, as a result, the uncertainty in the 
center-of-mass position of the system can in principle be 
made smaller and smaller, without disturbing the total 
momentum. 

One assumption made in this paper is that some type 
of isolated system may have an intrinsic FR in which the 
system has no global motion. No global motion means 
that the center-of-mass of the system has a definite and 
fixed position in its intrinsic FR, hence, behaves classi- 
cally. The internal motion of the system can be assumed 
as behaving quantum mechanically. The classical fea- 
ture of the center-of-mass motion denies possible quan- 
tum link between the internal quantum motion of the 
system and the quantum motion of an external system 
described in the intrinsic FR. For this reason, we assume 
further that in its own intrinsic FR the system is not 
entangled with any external system. 

Then, a natural question is whether the above assump- 
tion may lead to results in confliction with statistical pre- 
dictions of quantum mechanics that have been confirmed 
experimentally. In this paper, we show that the con- 
fliction is avoidable. Specifically, we propose a quantum 



theory with the above assumption as a basic assumption 
and study a process in which a microscopic system and a 
macroscopic system have collision- type interaction. We 
find that the statistical description for the microscopic 
system in the theory here is the same as that given in 
the usual quantum mechanics. Hence, quantum mechan- 
ics modified in this way may keep its predicting ability. 

Furthermore, the basic assumption mentioned above 
leads to several interesting consequences, which are dif- 
ferent from the usual quantum mechanics. First, if an 
isolated system is entangled with another system in some 
FR, when the statevector of the two systems in the FR 
is transformed to the intrinsic FR of the isolated sys- 
tem, the entanglement is required to be broken and a 
discontinuous change of the statevector takes place. The 
difference between this discontinuous change of statevec- 
tor and wavepacket reduction in the formalism of stan- 
dard quantum mechanics (see, e.g., PH2)i lies in that it 
is a result of the transformation between the two FRs, 
not a dynamical process. This supplies a new approach 
to the measurement problem, which is still a debating 
topic and have received renewed interest in recent years 
( [2L L& iJi Li ) - The measurement problem is raised by the 
relation between the two dynamical principles for stat- 
evectors in the formalism of standard quantum mechan- 
ics, namely, Schrodinger evolution and wavepacket reduc- 
tion in measurement processes. Second, the statevectors 
in the two FRs for the two systems have a probabilistic 
relation. 

Notations used in the paper — 

We use A, B, ... to denote macroscopic systems possess- 
ing intrinsic FRs and S to denote a microscopic system. 
The intrinsic FR attached to A is denoted by FR^, and 
so on. For K = A, B, S, the symbol (sometimes 
Yk) is used to indicate the collection of the coordinates 
of all the particles in the system K, is for the center- 
of-mass coordinates of K , and yk for the collection of 
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the relative coordinates of the particles in K . Hence, 
Xk = (Rk, v k)- We use ^^-(x^-) to indicate the wave- 
function of a system K, $k(Rk) for its center-of-mass 
coordinates part, and 4>k(tk) for its relative coordinates 
part. When two FRs, FR^ and FRs, are employed, de- 
scriptions made in FRs are indicated by primes and there 
is no prime for descriptions made in FR^. 

For simplicity in discussion, we do not consider self- 
rotational motion, or spin of systems and we consider 
only non-relativistic systems. 

Basic assumptions — 

We make two basic assumptions: 

• Assumption-I. Some type of isolated, macroscopic 
system A has an intrinsic FR, in which A has no 
global motion and has an internal motion described 
by a wavefunction <j) A (r A ). 

No global motion means that does not move and 
Pa — in FR^- As a result of this assumption, in its 
own intrinsic FR, a macroscopic system A is not entan- 
gled with any other system. Otherwise, the state of A 
in FR^ is not of the form cf> A (r A ). This is not in con- 
fliction with the phenomenon of entanglement of, e.g., 
pairs of photons, which has been soundly confirmed by 
experiments (see, e.g., the review paper because the 
Assumption-I concerns macroscopic systems only. 
The second basic assumption is: 

• Assumption-II. In FR^ of an isolated, macroscopic 
system A, time evolution of the state of any isolated 
system K outside A satisfies Schrodinger equation, 



ih—t> K (x K ,t) 
at 



H K V K (pt. K ,t), 



(1) 



where Hx is the Hamiltonian of system K. The 
internal state of A, (p A (r A ) satisfies a similar 
Schrodinger equation with Hk replaced by the in- 
ternal Hamiltonian. 

Collision-type interaction process — 

For a system A in interaction with a system S, the 
above assumptions do not tell whether A has an intrinsic 
FR or not. To describe the interaction process, we can 
employ the intrinsic FR of another macroscopic system. 

To simplify the discussion, we consider the following 
collision-type interaction between S and A: In the ini- 
tial period of time, the system S has negligible interac- 
tion with A and A has an intrinsic FR; in the following 
interaction period of time, the two systems have non- 
negligible interaction; in the final period of time, S leaves 
and does not interact with A anymore, as a result A has 
its intrinsic FR. The problem we are to study is, if in the 
initial period of time the states of S and A in FR^ are 
known, then, what is the prediction for the states of the 
two systems in FR^ in the final period of time? 

To describe the interaction between S and A, we em- 
ploy an auxiliary FRs of an isolated system B. In FRs, 



by the Assumption-II, time evolution of the two interact- 
ing systems S and A satisfies Schrodinger equation. 

FRs with almost definite relative position and velocity — 
Before studying the interaction process, we need to 
transform the states of S and A in FR^ to FR^. We as- 
sume that in FR# the center-of-mass motion of A is de- 
scribed by <f>' A (R' A ) , which is a quite narrow wavepacket 
such that the center-of-mass of A has almost definite po- 
sition and velocity at each time in the whole time period 
considered. 

Let us first consider a narrow Gaussian wavepacket, 



g(R' A ) = (na< 
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where R and P' are the centers of the wavepacket in 
the position and momentum spaces, respectively. The 
dispersions of the Gaussian wavepacket in R^ and = 
P' a /Ma are a and £ = h/aM A , respectively. Using [m] 
to denote the unit of mass and defining a dimensionless 
quantity W — M^/fm], if the dependence of a and £ on 
Ma is set as er, £ cx 1/VW, in the limit Ma — * oo, we 
have a, £ — > 0. 

Generally, it is unnecessary for & A (R' A ) to be a Gaus- 
sian wavepacket. As long as the dispersions in R^ and 
go to zero in the limit M A — ► oo, for a system A with 
sufficiently large mass, FR^ can be regarded as having 
a classical-type relation to FR^. Since FRs is just an 
auxiliary FR, we can choose P = and Rq = 0, then, 
there is no relative motion between the two FRs. Note 
that in the usual quantum mechanics, two such FRs can 
be regarded as identical, however, here as a result of the 
Assumption-I they are not. 

Suppose the states of S and A in FRa are ^s(xg) and 
(j> A (r A ), respectively. The state of the big system S + A 
in FRs is then 



*' S+A = VaWaWaVaWsPs)' 



(3) 



Interaction process described in FRs - 

In FRs, the total Hamiltonian of the big system S + A 
has the form 



H'a 



H' s , 



with H' A 



(P'a 



1M A 



HAm i 



(4) 



where H' Aln is the internal Hamiltonian of the system 
A, P' A — —ifid / dPJ A , Hj is the interacting Hamiltonian 
as a function of (x.' s — R^, r^), and H' s is the Hamilto- 
nian of S. Time evolution of the state ^' S+A is given by 

Schrodinger equation, with an initial state ^' S i A of the 
form on the right hand side of Eq. J3J , 



S+A' 



(5) 



Here we use tilde to indicate initial condition. Approxi- 
mately, ^' S+A (t) has the following form 



(6) 
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where 

t>' A {R A ,t) = e-*^*l 2MAn WjSB! A ), (7) 
*i(t) = e-^ +H 's +H '^ h Mr' A )y six's)- (8) 

To prove this, first note that 

(9) 

where (-ffj + + H' Ain ) being commutable with R' A has 
been used. For a micro system S, the interaction between 
S and A has an energy scale negligibly small compared 
with that of A. Hence, since the dependence of ^[(t) on 
R^4 is given by the interaction H'j, we have 

2^) 2 *i(*)~0, ( 10 ) 

due to the large denominator M A . This means the influ- 
ence of the interaction between A and S on the center- 
of-mass motion of A is negligible. Substituting Eq. i|l(J|) 
into Eq. ©, we prove Eq. JHJ. 

States of S and A in FR A in the final period of time — 

To transform, in the final period of time, from FRb to 
FR A , we first write the explicit dependence of ^[(t) in 
Eq. © on its variables, which is ^x( x s ~ R^, x' s , r' A , t), 
where the dependence on (x' s — R^) is given by H'j. Due 
to the narrowness of $> A (R' A ), H' A in can be approx- 
imated by Rq = 0, hence, we have 

Clearly &' A (R A ,t) does not appear in the description in 
FK A . For ^[(x' s , r' A , t) , we first transform it to 

*i(x s ,r A ,t) = *i(x s ,iM,t). (12) 

The statevector \l/i(xs, r A , t) can not be interpreted as 
the state of S + A in FR Al because it is generally an en- 
tangled state, while the Assumption-I requires a product 
state for S and A in FFL A . 

To avoid confliction with the Assumption-I, it seems 
the only way is to give ^(xg, r A , t) a probabilistic in- 
terpretation, by making use of its expansion in product 
states. For this, the most natural method is to use the 
Schmidt decomposition of \&i(xs, r A , t) in orthogonal, 
normalized states, 

^ 1 (x s ,r A ,t) = J2 C j^s j (^s,t)(f>A j {TA,t). (13) 

3 

The interpretation of this equation is that in FR A there 
is a probability \Cj\ 2 for the state of A to be <fi A j(r A ,t) 
and the state of S to be ^s 3 -(xs,t). Hence, S is in a 
mixed state in FR A . Entanglement is then not an abso- 
lute property of systems, but depends on the FR taken. 

Hence, in going from FR# to FK A , the statevector has 
a discontinuous change in the transformation, namely, 



from to one of the possible ^sj4>Aj- This is different 
from wavepacket reduction in the formalism of standard 
quantum mechanics, which is a dynamical process. Note 
that this transformation is usually irreversible. The dis- 
continuous change of statevector implies that information 
in different intrinsic FRs can be nonidentical. This is not 
as strange as at first sight, if one notes that the system 
A + S and the system B are isolated in the time period 
considered. Indeed, there is no experimental evidence 
for that information in two FRs attached to two isolated 
systems must be identical. 

The possibility for two \Cj \ in Eq. l)l-iH to be identical 
is quite rare. If it happens, Schmidt decomposition for 
the related components is not unique. This problem may 
be solved by a natural extension of a similar case with 
small difference in two \Cj\; if a natural extension does 
not exist, further probabilistic interpretation for possible 
Schmidt decomposition is needed. 

Density matrix — In the final period of time, S is in 
a mixed state in FR A , described by the density matrix 
p s (y s ,x s ,t) = Ej\Cj-\ 2 ^ sj (ys,t)^Sj(^S,t). _ In the 
usual quantum mechanics, one has the same time evo- 
lution of ^'s+ A (t) as in Eq. (JSJ, hence, for S one has the 
reduced density matrix 

p r s e (y' s ,x s ,t) = J dx A % +A *(y' s ,x A ,t)% +A (x' s ,x A ,t). 

(14) 

Making use of Eqs. I|llll3fl . taking the limit M A — > oo, 
and noting that FH A and FRs are identical in the usual 
quantum mechanics, it is easy to verify that ps = p r s e , 
hence, the theory here and the usual quantum mechanics 
predict the same density matrix for the state of S. 

Extension of the above results is straightforward for 
the case in which S is partly absorbed by A. Suppose in 
the final period of time S is divided into two parts Si and 
$2, with 5*i absorbed by A forming a combined system 

51 + A, denoted by Ai, and S2 far from A. In the state 
^1, this means that | 'I'll 2 is negligibly small if either Si is 
far from A or S2 is close to A. Then, for the two systems 

52 and Ai, one can make a decomposition like Eq. 1|13|) 
and give similar interpretation in the intrinsic FR of Ai . 
More generally, combining the two cases, we have 

#1 = XI C J^Sj<f>Aj + L> k^S 2 M(t>A 1 M, (15) 
3 k 

with similar interpretation. 

An application of the theory: a position measurement — 
Consider a special case of S being partly absorbed by 
A, in which S is composed of two noninteracting particles 
a and b in the initial period of time. The particle a 
interacts with the system A in the interaction period of 
time and is finally absorbed by A, forming a combined 
system a + A, the effect of which may be observed; while 
the particle b does not interact with the system A or the 
particle a in the whole period of time considered. 

We assume that initially S is in the following entan- 
gled state as a result of previous interaction, in Schmidt 
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decomposition in normalized states, 
2 

$(X S ) = ^ Q*a,z(x a )$ M (x b ), (16) 
{=1 

where the two components ^/ a ,i(x a ) and ^^(xa) are 
well separated in space and remain well-separated in the 
whole initial period of time. The interaction process is 
studied in the auxiliary FRb. Substituting Eq. (|16|l into 
Eq. @, then, making use of Eqs. (|5I8|I . we find that ^[ 
in Eq. (|llfl has the following form 

=Y,Cl<t>'A+a,l( r 'A+a,l,t)*bM,t), (17) 
I 

where the components of particle b evolve under its own 
Hamiltonian and <p' A+a ; is the time evolution of <pA^ ' a,i- 
For this process to be able to serve as a position mea- 
surement, we assume that in the two components 4>'a+o, i 
of I = 1,2 the particle a is localized in different spatial 
regions. Then, <fi' A+a t of I = 1, 2 are orthogonal and the 
right hand side of Eq. i|17|) is a Schmidt decomposition, 
at least approximately. Consequently, in FRyt, the com- 
bined system A + a is in a mixed state, either in <f>' A , a 1 
or in <f>' A+a 2 , with the probability |ci| 2 and | C2 1 2 , respec- 
tively. 

There is another important consequence of the above 
interaction process. That is, in the final period of time 
the particle b is also in a mixed state and the entangle- 
ment of the two particles a and b is broken in FR^. 

Extension of the above results to the case of more 
than two far-separating components of the particle a in 
Eq. (|16|l and to the case in which a and b are composed 
of more than one particles are straightforward. It is seen 
that the initial entanglement of a and b plays an impor- 
tant role in the above explanation of position measure- 
ment. We remark that initial entanglement is a general 
phenomenon. In fact, to prepare a in an initial state, it 
is necessary to have a interact with some other system, 
which inevitably induces initial entanglement. 



Discussions — 

Decoherence induced by environment has been exten- 
sively studied in recent decades 0, S E3, E3, E3, E3, E3l , 
revealing the emergence of classical properties in open 
quantum systems due to unavoidable coupling to their 
environment. The decoherence programm can not com- 
pletely solve the quantum measurement problem yet [j| . 
In particular, to solve the problem of definite outcomes 
in quantum measurement, some type of interpretation of 
quantum mechanics is needed, e.g., the many-worlds in- 
terpretation proposed by Everett |l5|. An advantage of 
the theory here is that its basic Assumption-I supplies a 
physical mechanism to solve the problem of definite out- 
comes, as illustrated in the above discussion for a simple 
position measurement scheme. 

Since the two systems S and A discussed above have 
no interaction in the final period of time, it is simple 
to see that the states of S and A in FR^ in the final 
period of time are in agreement with pointer states in 
the theory of decoherence 0, . In a further develop- 
ment of the theory here, it seems plausible to expect that 
the Assumption-I could be generalized to the case of A 
having weak interaction with S. In this case the macro- 
scopic system A can be regarded as an environment of 
the microscopic system S. In FR^, the decoherence the- 
ory predicts pointer states as a result of the interaction. 
This should be useful in the development of the theory 
here. Other directions of development of the theory may 
include more general interaction situations, as well as 
other types of FR, e.g., FRs attached to mesoscopic even 
microscopic systems. 

In the usual quantum mechanics, the concept of FR is 
used almost in the same way as in classical mechanics. 
Presently, little is known for the influence of quantum 
motion of systems on properties of the attached FRs. 
The theory discussed above shows that intrinsic FRs may 
have unexpected properties, when the quantum motion 
of the attached systems are considered. 
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